A forward method is proposed to study the jet properties in ultrarelativistic heavy ion collisions and the calculated results for pp collisions at √ s=7 TeV are compared with the corresponding results from the anti-kt algorithm (backward method). In the forward method, the PYTHIA 6.4 model is used to generate the initial partonic state of pp collisions, and then the string (parton) is hadronized with the Lund string hadronization regime and the independent hadronization one. By comparing the forward method results with the corresponding anti-kt algorithm ones, we may conclude that it is possible to attribute the jets constructed by anti-kt algorithm to their initial strings (partons).
I. INTRODUCTION
Hard parton scatterings generate high transverse momentum partons in the early stage of ultra-relativistic heavy ion collisions, which traverse the medium and then hadronize into sprays of particles called jets [1] . Jet studies play an important role in understanding the properties of the medium created in ultra-relativistic heavy-ion collisions [2] . The "jet-quenching" together with the "elliptic flow" give the essential signals for the existence of strongly coupled quark-gluon plasma (sQGP) at RHIC [3] [4] [5] [6] and LHC [7] [8] [9] energies. With the higher collision energy, higher luminosity, and better detectors for jet measurements, the LHC experiments are able to measure the jet properties more precisely. Recently, the AT-LAS, CMS, and ALICE collaborations have published a series results of jet properties in the pp, p+Pb, and Pb+Pb collisions at LHC energies [10] [11] [12] [13] [14] [15] [16] [17] , where some new physics is arisen and needs to be studied urgently.
Although the perturbative Quantum Chromodynamics (pQCD) is able to describe hard parton-parton scattering processes (with large momentum transfer) quantitatively, it can not give straightforward predictions for the properties of particles within the jets since the hadronization of partons is non-perturbative process. To predict the quantities of particles in jets, phenomenological models may have to be employed. Several Monte Carlo (MC) event generators, like PYTHIA6 [18] , PYTHIA8 [19] , HERWIG [20] , HERWIG++ [21] , and SHERPA [22] etc, may provide full simulations of QCD events in pp collisions. The MC event generator results are dependent on the phenomenological models assumed in the hard parton-parton scattering, the parton shower, the hadronization, and the soft (low-momentum transfer) processes. There are free parameters in these models, which must be tuned to fit experimental data.
In PYTHIA model, the Leading Order perturbative QCD (LO-pQCD) is used to generate the 2 → 2 hard processes (parton-parton collisions). The parton shower model [23] [24] [25] is employed to describe the initial and final state parton radiations. As for the soft processes (non-perturbative processes) several empirical options are available in PYTHIA [26, 27] . Finally, the Lund string hadronization regime and independent hadronization regime are used for the hadronization of partons [28] [29] [30] .
In this work, the PYTHIA6.4 model [18] is employed to investigate the properties of particles in the jets in pp collisions at √ s=7 TeV by using both the backward and forward methods. Based on the partonic initial states and hadronic final states generated by PYTHIA6.4 model, we forward generate final hadrons stemming from a piece of partonic jet and backward reconstruct hadronic jets from the final state hadrons, respectively. The results of the forward and backward studies are compared with each other and also with the experimental data (a backward study indeed).
II. BACKWARD METHOD FOR JET STUDY
In ultra-relativistic heavy ion collisions, the definition of a jet is somewhat ambiguous, even on the partonic level [1] . For instance, a hard scattered quark may, when it crosses the medium, emit a gluon which is usually considered as a part of the parent quark jet if it is emitted at small angle relative to the parent quark. However, if it is emitted at large angle relative to the parent quark, the gluon may be considered as a second jet. The background in heavy ion collisions complicates the situation to find which hadron belong or not belong to a jet in experiments. So the jet-finding algorithm must be used in experiments to reconstruct the jets from the final state hadrons. There are several jet-finding algorithms on the market, such as the k t , anti-k t and Cambridge/Aachen, etc. [1, 11, 31] . The anti-k t jet-finding algorithm is most widely used in the jet analysis both experimentally and theoretically. An intensive review on various jet algorithms can be found in Ref. [32] .
In the anti-k t algorithm, the distance d ij between entities (particle or energetic cluster) i and j is defined as [1, 11, 31] :
where
and k ti , y i and φ i are the transverse momentum, rapidity and azimuthal angle of particle i, respectively. The distance between particles i and beam (B) d iB is defined as
With the distances d ij and d iB , a list is compiled containing all the d ij and d iB for the particles in an event. If the smallest entry is a d ij , particles i and j are combined (their four-vectors are added) as a jet. If the smallest entry is a d iB , the particle i is considered as a complete jet and removed from the list. The distances for all entities are recalculated and the procedure repeated until no entities are left. Thus the distance parameter R in anti-k t algorithm is an essential quantity, within which the particles are reconstructed to a jet. If a hard particle has no hard neighbor within the distance 2R, then it will simply accumulate all the soft particles within a circle of radius R, resulting in a perfectly conical jet. If there is another hard particle 2 in the area of R < ∆R 12 < 2R, then there will be two jets. The shape of jet 1 will be conical and jet 2 will be partly conical when k t1 ≫ k t2 ; or both cones will be clipped when k t1 ∼ k t2 [31] . The antik t algorithm is infrared and collinear safe and produces geometrically "conelike" jets, so it is widely used for jet reconstruction in experimental data analysis [10, 15, 16] . The jets are reconstructed from the final hadronic state and hopefully to be attributed to the initial partonic state.
Based on the hadronic final states generated by default PYTHIA6.4 model, we use the anti-k t algorithm to reconstruct the jets in pp collisions at √ s=7 TeV. Following ATLAS [11] the charged particles with transverse momentum p T > 300 MeV/c and pseudorapidity |η| < 2.5 are counted and the distance parameter R=0.6 is used. After the jet reconstruction, the clusters with p T > 4 GeV/c and |y| < 1.9 are accepted as the candidates of jets, including those with only one particle in the cluster. The jets are divided into five bins according to their transverse momentum p T,jet , namely 4-6, 6-10, 10-15, 15-24 and 24-40 GeV/c. The jets with p T > 40 GeV/c and the particles not belong to any jet are excluded in the calculations.
As we aim at the physics behind the experimental data rather than reproducing the data, default values are used for the PYTHIA6.4 model parameters in the calculations. After jets have been reconstructed by the anti-k t algorithm, the distributions of the variables z, p rel T and r are calculated. They are defined as follows [11] :
The variable z (known as the fragmentation variable)
is defined for each charged particle associated with the jet that contains it. In Eq.(4) p ch is the momentum of the charged particle and p jet is the momentum of the jet. The following distribution is calculated
where N ch and N jet are the charged particle number and jet number in a given jet p T,jet bin, respectively. The variable p rel T refers to the momentum of charged particles in a jet transverses to that jet's axis:
and the following distribution is calculated
Finally, the variable r stands for the radial distance from the charged particle to the axis of the jet that contains it:
and the density of charged particles in y-φ space, ρ ch (r, p T,jet ), is given by
The calculated charged particle distributions of F (z, p T,jet ), f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) in the p T,jet bins of 4-6, 6-10, 10-15, 15-24 and 24-40 GeV/c in pp collisions at √ s=7 TeV are compared with the ATLAS experimental data (also analyzed by anti-k t algorithm) in Fig.(1a) -(1c) [11] , respectively. We see in these figures that the default PYTHIA results fit the ATLAS data very well. The agreement between the default PYTHIA and ATLAS data are close to what the tuned PYTHIA has achieved (cf. Figs. 4-6 in Ref. [11] ). 
III. FORWARD METHOD FOR JET STUDY
As mentioned in [1] , it is hard to know if the particles in the reconstructed jet really come from the hard processes (hard partons) or come from the background. The background here refers to the jet candidates composed of particles which are not from the same hard process but just happened randomly in the same region of azimuthal and rapidity (cone R). These jets candidates are called combinatorial jets or fake jets. Even for the jets reconstructed with the particles generated in a hard process, they may also contain background particles indeed. There are several choices to reduce the impact of particles from the background, for example, introducing a minimum momentum cut for the particles in jet-finding, using a smaller distance parameter R, or requiring jets to have a hard core, etc. However, each of these methods has weaknesses and may lead to biases in surviving jet populations [1] .
However, it is possible to distinguish the particles generated in hard processes from those stemming from the background theoretically. To this end, we propose a forward method to study the jet properties and to compare with the backward method. In the forward method, the default PYTHIA6.4 model [18] is used to generate the partonic initial state of pp collisions with the hadronization switched off temporarily. The partonic initial state is then composed of simple strings (without gluons between two ends) and complex strings (with gluons between two ends). Before hadronization, this partonic initial state evolves first in two different processes modeled with the independent jet regime and the string jet regime, respectively.
In the independent jet regime, the strings are split into quarks (antiquarks) and/or diquarks (anti-diquarks) as well as gluons. The diquarks (anti-diquarks) and gluons are then split into quarks (antiquarks). Each quark (antiquark) is hadronized individually with the independent hadronization model (subroutine of PY1ENT in PYTHIA 6.4). The momentum of each initial state parton (quark and/or antiquark) and all correspondingly hadronized final state hadrons are known. Furthermore, the relative distance between the initial state parton and its hadronized final state hadron, d ij in Eq.(1), can be calculated. At last, the corresponding final hadronic jet is constructed under the constraints in Eqs. (1) and (2) with the parameter R = 0.6.
In the string jet regime, the gluons are first moved out from the complex strings and then split into quark pairs one by one individually. Each quark pair created is modeled as a simple string. Secondly, each simple string is hadronized in the string hadronization model (subroutine of PYSTRF in PYTHIA 6.4) individually. The final state hadrons stemming from a simple string are cataloged into two jets referred respectively to the two ends of the single string, where the hadrons bearing momenta closer to the momentum of one end of the string are grouped together. The further construction of hadronic jets follows the same way as in the independent jet regime.
The differences between the backward and forward methods are shown in Fig.(2) . Figure ( 3) shows the charged particle pseudorapidity and transverse momentum distributions, calculated in the default PYTHIA model (solid circles), string jet regime (triangles up) and independent jet regime (triangles down), compared with the CMS experimental data (solid squares) [33] . One can see that the three theoretical transverse momentum distributions all agree well with the CMS data. The tendency of the pseudorapidity distributions of the default PYTHIA model and string jet regime is consistent with the CMS data but the magnitudes are respectively lower and higher than the data, where the default parameters in the PYTHIA are employed. Note that if the tuned parameters in the PYTHIA are used, the default PYTHIA model and the string jet regime can fit the CMS experimental data well. However, the pseudorapidity distribution in the independent jet regime can not get consistent well with the experimental data even by tuning the model parameters. The charged particle distributions of F (z, p T,jet ), f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) calculated in the anti-k t algorithm (backward method), string jet regime and independent jet regime (later two are forward methods) for the p T,jet bins of 4-6, 6-10, 10-15, 15-24 and 24-40 GeV/c in pp collisions at √ s=7 TeV are given in Fig.(4a) -(4c), respectively. One can see that the F (z, p T,jet ) distributions in the string jet regime in Fig.(4a) are harder than the ones in the anti-k t algorithm and independent jet regime, which may indicate that the daughter hadrons in the string jets regime take away more relative energy from the parent string. For the f (p rel T , p T,jet ), the results in the anti-k t algorithm are harder than the ones in both the string jet regime and independent jet regime, as shown in Fig.(4b) . The same observation is for the ρ ch (r, p T,jet ) distributions in Fig.(4c) . The hadrons from the string jet regime (independent jet regime) are strictly generated from one parent string (parton), and therefore there is no problem with combinatorial jets and/or fake jets, unlike the backward methods (anti-k t algorithm). One may expect that this is the reason why the f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) distributions in the anti-k t algorithm are harder than the ones in the string jet regime and independent jet regime. 5c) show a phenomenon that the results in the independent jets regime for different p T,jet bins of 4-6, 6-10, 10-15, 15-24 and 24-40 GeV/c scale well each other. Scaling phenomena are also seen for the F (z, p T,jet ) and ρ ch (r, p T,jet ) distributions in the anti-k t algorithm and string jet regime. For the f (p rel T , p T,jet ) distribution, however, the scaling exists only for the independent jets regime and the results from the string jet regime are clearly more consistent with the ones from the anti-k t algorithm than with the ones from the independent jets regime.
IV. DISCUSSIONS AND CONCLUSIONS
A forward method to study jet properties is proposed in this paper. The default PYTHIA 6.4 is employed to study the jet properties of F (z, p T,jet ), f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) distributions in the pp collisions at √ s=7 TeV with both the forward method (string and independent jet regimes) and backward method (anti-k t algorithm). The ATLAS data (based on anti-k t algorithm) as well as the tuned PYTHIA results (cf. Fig.  1 and Figs. 4-6 in Ref. [11] ) are well reproduced by the default PYTHIA 6.4 simulations in the backward method (anti-k t algorithm), as shown in Fig.(1) . Meanwhile, the charged particle distributions of F (z, p T,jet ), f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) are also calculated in the forward method based on the default PYTHIA and compared with the corresponding results from the backward method. It is found that the F (z, p T,jet ), f (p rel T , p T,jet ) and ρ ch (r, p T,jet ) distributions from the anti-k t algorithm are more consistent with the ones from the string jet regime than the ones from the independent jet regime. One may conclude that it is possible to attribute the jets reconstructed by the anti-k t algorithm to the initial string (parton) by comparing with forward methods.
The key task of jet study is to identify the jets which are really generated from hard scattering partons and to eliminate the effect of combinatorial jets and fake jets. A number of algorithms have been suggested to do so, as reviewed in Ref. [32] , but each has weaknesses. The forward methods proposed in this paper might shed some light on this task since the background effect may be evaluated and/or eliminated directly in the forward methods.
